Background: Clostridium autoethanogenum strain JA1-1 (DSM 10061) is an acetogen capable of fermenting CO, CO 2 and H 2 (e.g. from syngas or waste gases) into biofuel ethanol and commodity chemicals such as 2,3-butanediol. A draft genome sequence consisting of 100 contigs has been published.
Background
The development of next-generation DNA sequencing technologies since the first human genome sequence was completed has led to remarkable increases in sequencing efficiency on the order of approximately 100,000-fold [1] . Costs have dropped dramatically and computational methods have advanced along with sequencing technology, leading to large increases in DNA sequencing output and in the number of available genome sequences [2, 3] . A variety of assembly algorithms and methods for quality evaluation have been developed [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, the majority of sequenced genomes are incomplete due to technical difficulties, time, and expense leading to an increasing disparity between the number of finished and draft genomes in databases [1] [2] [3] 5, 14] . The PacBio sequencing system [15] is the only longread, single-molecule sequencer available at present and the performance of the PacBio RS system was compared to two short-read sequencing platforms also released in 2011 [16] . The original RS system with C1 chemistry generated mean read-lengths in the range of 1,500 bp and yielded approximately 100 Mb of sequence data per run, and reads in this range were useful in generating improved scaffolds for de novo assemblies. However, the original system was not optimal for de novo assembly applications [16] and hybrid assembly approaches have been developed to overcome limitations in short-read technologies and higher error rates associated with third-generation technology [17, 18] .
Repetitive stretches of DNA are abundant and are one of the main technical challenges that hinder accurate sequencing and genome assembly efforts [1] . In the case of bacteria, the rRNA gene operon is often the largest region of repetitive sequence and range in size between 5 and 7 kb [19] . Last year, the longest PacBio RS reads were reported as being approximately 14 kb and these longer reads are useful in resolving repeats during genome assemblies [3] . The PacBio RS II system was released last year and it produces more and longer reads. In a recent study, the longest read before correction was 15,634 bp and the genomes of six bacteria were sequenced and assembled using single-molecule sequencing based on C2 chemistry [14] . Koren et al. [14] suggested that the majority of bacterial genomes could be assembled into finished-grade quality, that is, without gaps, and with data derived from a single PacBio sequencing library per sample [14] . The combination of the longer reads, depth of coverage and random nature of sequencing errors facilitates de novo assemblies for microbial isolates [15, 20, 21] . The advantages of single-molecule sequencing have been discussed [22] . To date, relatively few genomes sequences have been determined exclusively using single-molecule technology and only a handful represent finished genomes [14, 20, 21, [23] [24] [25] .
In this study, a finished genome sequence for Clostridium autoethanogenum strain JA1-1 (DSM 10061) was generated using the latest PacBio RS II instrument. This represents one of the first de novo genomes finished into a single contiguous sequence using RS II data alone (that is, without addition of other next-generation sequence data or manual finishing steps). To offer insights into this technology, the PacBio assembly was compared to assemblies based on 454 GS FLX Titanium and Illumina MiSeq data and an earlier draft genome sequence of 100 contigs for this strain obtained from 454 GS FLX Titanium and Ion Torrent data [26] .
C. autoethanogenum is an anaerobic, Gram-positive, mesophilic, acetogenic bacterium isolated using carbon monoxide (CO) [27] . Other substrates include the greenhouse gas CO 2 plus H 2 , pyruvate, xylose, arabinose, fructose, rhamnose, and L-glutamate. There is significant biotechnological interest in this organism as well as other acetogenic bacteria for their ability to use gases containing CO, H 2 and CO 2 as the sole source of carbon and energy for the production of fuel and chemicals at scale. The ability to use these gases in fermentative processes enables acetogens to potentially provide a route to more sustainable fuel and chemical production from a range of feedstocks including biomass and municipal solid waste-derived syngas, reformed biogas and industrial waste gases derived, for example, from steel production facilities [28] [29] [30] [31] [32] [33] .
Results and discussion
Sequencing output and assembly statistics for C. autoethanogenum DSM 10061
Sequencing statistics show that for each platform a large number of raw reads were attained that resulted in high degrees of genome coverage (Table 1) . Raw Illumina data were trimmed and filtered before assembly, but in the case of the 454 and PacBio assemblers raw instrument output files were used. Bruno-Barcena et al. used a combination of 454 GS FLX Titanium and Ion Torrent Personal Genome Machine (PGM) data to generate a genome reported as 4.5 Mb for C. autoethanogenum DSM 10061 [26] . The In this study, Newbler (version 2.8) was used to assemble new 454 paired-end reads from a 3-kb insert length library (Table 1) into a draft genome sequence that consisted of 32 contigs ( Table 2 ). The lower number of contigs (32 versus 100) from the new 454-only assembly compared to the draft version [26] is likely due to differences in library types (paired-end versus shotgun) and software versions. Assembly of Illumina-only data was conducted using the SPAdes [34] , Velvet [35] , Abyss [36] and the CLC Genomics Workbench (CLC Bio) assemblers and the best results were obtained by the Velvet assembler (Table 2) . Previously, we have assembled genome sequences for a range of bacteria using a combination of 454 and Illumina technologies, whereby initial Illumina consensus sequences were shredded into 1.5-kbp overlapped fake reads and assembled together with the 454 data [37] [38] [39] [40] [41] [42] . The best genome assembly obtained for strain DSM 10061 using second generation sequencing technologies employed such a hybrid approach, which is reflected in the lowest number of contigs, the largest single contig and highest N50 value ( Table 2) . Preliminary studies using the Clostridium ljungdahlii DSM 13528 genome as a reference and a PCR/Sanger sequencing strategy showed contigs could be joined by such an approach (Additional file 1). As manual finishing is time consuming the potential of PacBio data to generate finished microbial genome sequences was assessed.
Remarkably, one PacBio library preparation and two single molecule real-time sequencing (SMRT) cells produced sufficient sequence such that it could be assembled into one contiguous DNA fragment that represented the DSM 10061 genome. The PacBio genome assembly is a similar size to the other assemblies (Tables 1 and 2) and genome completeness was confirmed by sequence wrap-around. This is one of the first de novo sequenced genomes we are aware of that has been closed without manual finishing or additional data, despite the complexity of the C. autoethanogenum genome.
A comparison of the 454/Illumina hybrid assembly to the PacBio assembly showed there were small regions of overlap in the hybrid assembly that weakly joined contigs, and were supported by PCR and Sanger data, but there was insufficient support for the Newbler software to join them (Additional file 1A). PCR and Sanger data joined small gaps between contigs (for example, see Additional file 1B) in line with predictions using C. ljungdahlii DSM 13528 as a reference but in other examples much larger products were obtained compared to the predicted PCR product sizes (Additional file 1C). Other challenges involved using a related but different species, or strain from manual finishing included instances of software not being able to design PCR primers, not obtaining PCR products, and instances of obtaining multiple PCR products of different sizes and/or DNA smears.
Assembly quality assessments and comparisons
The complexity of the C. autoethanogenum DSM 10061 genome sequence was assessed and it is classified as a class III genome, according to previously described criteria for repeat sequence content and type [14] . Class III genomes are defined as containing repeats that can include rRNA gene operons, many mid-scale repeats, such as insertion sequences and simple sequence repeats, and large phage-mediated repeats, duplications, or large tandem arrays that are considerably larger than the rRNA gene operon.
PacBio sequencing technology has a high error rate, which has been reported as being approximately 18% [3] . Due to the random nature of the error [15] , it is however, possible to get a highly accurate consensus sequence when there is high coverage [14, 20, 21] . For genomes such as C. autoethanogenum with extreme guanine and cytosine (G + C) contents (31.1 mol% G + C content) and long homonucleotide stretches this provides an advantage over other sequencing technologies.
Beyond simple metrics, such as contig number, N50 and largest contig size, several bioinformatics approaches have been developed to assess assembly quality. The computing genome assembly likelihoods (CGAL) method is one recent approach that assesses uniformity of read coverage for assemblies and also evaluates the read errors, library insert size distribution and the degree of unassembled data [13] . At present, CGAL is only able to utilize Illumina reads for its assembly assessment and using Illumina reads it ranked the assemblies in the order of best to worst as Illumina only, Illumina/454 hybrid, 454, published draft, to PacBio, respectively (Additional file 2). The CGAL likelihood principle is based on the possibility that a read is produced from every single location in the assembly. Regions of repetitive DNA were to be sequenced by longer reads, which were at times not resolved by the Illumina reads ( Figure 1 ) and this may have contributed to the lower CGAL scores for assemblies that contained longer reads and no Illumina data. QUAST [12] , which used the PacBio assembly as the reference, ranked the Illumina/454 hybrid, 454, published draft, and Illumina only assemblies in the order of best to worst, respectively and details are provided (Additional file 3). The tool, recognising errors in assemblies using paired reads (REAPR) for genome assembly evaluation [11] detected no collapsed repeats in the PacBio assembly and five in the hybrid assembly and four in each of the other assemblies (Additional file 4). The fragment coverage distribution (FCD) error detected by REAPR in PacBio assembly was at location 3872494 to 3873407 (913 bp). This region contains an rRNA gene operon and had very low Illumina coverage (40× as compared to the average of 127×). Hence, REAPR reported an error (based on Illumina reads only). Even 454 coverage was low in this region (19× as compared to average of 46×). However, there was 108× PacBio reads covering this (913 bp) region and for the first 392 bp there was also high-quality Sanger sequence support indicating it is unlikely that there is an issue for the PacBio assembly in this region. The hybrid and PacBio assemblies contained the fewest warnings (83 and 96, respectively), followed by the Illumina assembly (182) and then published draft assembly contained the most (190).
A multiple genome alignment was conducted by aligning contigs from the different assemblies to the PacBio reference assembly to identify conserved regions and to evaluate gaps in the different DSM 10061 assemblies. Regions with no or partial 454 or Illumina contig coverage predominantly contained predicted rRNA gene operons and other duplicated genes ( Figure 1 and Table 3 ). While the draft genome sequence for strain DSM 10061 predicts one copy of the 16S rRNA gene [26] , nine rRNA clusters were predicted using the DSM 10061 PacBio assembly, which is the same number of rRNA operons as in the closely related C. ljungdahlii DSM 13528 [28] . Based on findings in this study and earlier ones [1, 3, 14] , the large number of DSM 10061 rRNA clusters and their repetitive nature confounded assembly of the shorter reads.
The latest PacBio RS II SMRT cells are designed to select for larger read-lengths when long insert libraries (10 to 20 kb) are being prepared, however, preferential loading of smaller fragments can still occur and this limits sequence output. In this study, smaller fragments were removed from the PacBio library by size exclusion leading to longer read-lengths and greater amounts of sequence data than otherwise might have been attained. The long reads produced by the new PacBio RS II system, combined with sequence depth meant that the principal regions of complexity could be resolved using one library preparation and two SMRT cells to generate a complete genome sequence. The application of long, single-molecule sequencing data will lead to a greater number of finished genomes and quality improvements in microbial genome databases [14] , however the application of the newest version of this technology requires more evaluation before its full potential can be assessed for complex genomes.
General features of the C. autoethanogenum genome, its metabolism and comparison to C. ljungdahlii
The finished genome of C. autoethanogenum DSM 10061 consists of one chromosome of 4,352,205 bp in size with a G + C content of 31.1 mol% and consists of 89 RNA genes (Additional file 5). Of the 4,161 genes predicted for this strain, 4,042 are protein-coding genes (CDSs) and 18 are pseudogenes. The distribution of genes into COG functional categories is presented (Additional file 6). The previously published draft DSM 10061 genome annotation included 4,135 predicted coding sequences [26] and the related finished C. ljungdahlii DSM 13528 genome which is 277,860 bp larger in size contained 4,184 protein coding genes [28] . Predicted gene content differences reflect the use of different gene-calling algorithms, that draft sequences can split genes in two, and genotypic differences. The methodology, accuracy, and specificity of the Prodigal gene prediction algorithm used in this study has been described previously [43] .
Phenotypic and metabolic differences have been reported for C. autoethanogenum and C. ljungdahlii [27, [44] [45] [46] [47] . The two are indistinguishable at the 16S rRNA gene level [48] and have high scores for similarity based on in silico average nucleotide identity comparisons across the genomes (0.9977 ANIb) [26] . To evaluate potential coding sequence differences between the two organisms, OrthoMCL [49] , a genome-scale algorithm for grouping orthologous protein sequences, was used to compare all the C. autoethanogenum proteins to those in C. ljungdahlii and for the reciprocal evaluation (Additional file 7). A general description for all OrthoMCL proteins is provided (Additional file 7: Table S1 ). Putative paralogs were identified (1_taxa tab in Additional file 7) along with putative orthologs (2_taxa file tab in Additional file 7). Proteins without orthologs or paralogs were identified using the default settings (C. autoethanogenum unique or C. ljungdahlii unique tabs in Additional file 7). This analysis revealed that over 10% of the proteome is unique to each bacterium when comparing C. autoethanogenum (427 proteins out of 4,134) and C. ljungdahlii (447 out of 4, 198) . The 427 proteins with unique genes to DSM 10061 (as listed by OrthoMCL) were searched against the entire C. ljungdahlii proteome using BLASTP and an e-value similarity criteria of 1e-5 to identify proteins with truly unique function and no homolog, which reduced the Figure 1 Comparison of DSM10061 genome assemblies. The orange colored ring represents the PacBio assembly. The next inner ring represents the genes encoded on positive and negative strands respectively and color coded by Clusters of Orthologous Groups (COG) categories. The 454/Illumina hybrid assembly and published draft assembly are represented as yellow and green circles, respectively. Next, three rings represent the raw-read coverage from PacBio, 454 and Illumina technology, respectively. The gaps in the 454/Illumina hybrid assembly and published draft assembly as compared to PacBio assembly are highlighted by red colors. The key genes in the gap regions are shown by black markers and intergenic regions are shown by gray markers. The phage region and CRISPR repeats are highlighted on PacBio assembly by blue and yellow color, respectively. Detail is provided in Table 3 . CRISPR, clustered regularly interspaced short paloindromic repeats. . From the proteins identified as unique to each bacterium, the majority were proteins with hypothetical functions or proteins related to particular phage, transposon or CRISPR sequences, but proteins with key functions in the metabolism were also identified that could explain different phenotypes. These differences are discussed below. The Wood-Ljungdahl pathway ( Figure 2 ) plays a key role in the acetogenic metabolism by allowing the formation of acetyl-CoA from CO or CO 2 , and thus, is essential for autotrophic growth. Under heterotrophic growth conditions it permits utilization of produced CO 2 and reducing equivalents generated during glycolysis to form an additional molecule of acetyl-CoA [50] . The genes encoding for the enzymes of the Wood-Ljungdahl pathway are co-localized in one large cluster (CAETHG_ 1606-1621). The same organization is also found in other acetogens such as C. ljungdahlii [28] , C. ragsdalei [28] or C. difficile [51] , but significant differences at the sequence level are present as described earlier [28, 51] . This cluster also includes the genes for the bifunctional carbon monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS) enzyme complex, the key enzyme in the Wood-Ljungdahl pathway. As in C. ljungdahlii, two additional monofunctional carbon monoxide dehydrogenases (CAETHG_3005 and CAETHG_3899) are encoded in the genome of C. autoethanogenum that may also be involved in utilization of CO and CO 2 . Although CO can be both a carbon and an energy source for the bacteria, CO 2 can only be used as a carbon source. Additional energy can be generated from hydrogen, via hydrogenase enzymes. The genome of C. autoethanogenum encodes for six hydrogenases, one (NiFe) hydrogenase and five (FeFe) hydrogenases. Interestingly, C. ljungdahlii only has five hydrogenases, lacking one of the iron-only hydrogenases that are present in C. autoethanogenum. The genes for this unique (FeFe) hydrogenase are in an operon with two genes for NuoF-like oxidoreductases (CAETHG_1575-78). The presence of an additional hydrogenase enzyme complex could represent a significant advantage for C. autoethanogenum during autotrophic growth on CO, CO 2 and H 2 containing gases. Preliminary RNA-Seq experiments show that this cluster is highly expressed under such conditions, underlining the importance of this enzyme (Additional file 8). Of the other C. autoethanogenum hydrogenases, a second (FeFe) hydrogenase gene cluster was also found to be highly expressed. This nicotinamide adenine dinucleotide phosphate-oxidase (NADPH)-specific electron-bifurcating Hyt hydrogenase was recently characterized and found to form a functional complex with a formate dehydrogenase [52] . Formate dehydrogenase activates CO 2 to formate in the Wood-Ljungdahl pathway and additional formate dehydrogenase genes are present in the C. autoethanogenum genome (Figure 2) . C. autoethanogenum also has a predicted formate transporter (CAETHG_1601) that is not present in C. ljungdahlii.
During autotrophic growth, all biomass and products must be derived of acetyl-CoA from the Wood-Ljungdahl pathway (Figure 2 ). Fatty acid biosynthesis starts directly from acetyl-CoA, whereas production of nucleic acids, amino acids, vitamins, cofactors and secondary metabolites proceed via pyruvate and gluconeogenesis or the TCA cycle. The C. autoethanogenum genome encodes for two pyruvate:ferredoxin oxidoreductases (PFOR) that catalyze the conversion of acetyl-CoA into pyruvate. C. autoethanogenum has a pyruvate, phosphate dikinase (PPDK), but interestingly no phophoenolpyruvate synthase (PPSA) and C. ljungdahlii contains two such enzymes (CLJU_c14340 and CLJU_c38600). The rest of gluconeogenesis is similar in both organisms. C. autoethanogenum has an incomplete TCA cycle to succinate and 3-oxogluterate ( Figure 2 ). C. autoethanogenum products such as 2,3-butanediol and lactate are also derived from pyruvate [28] , whereas ethanol is produced from acetyl-CoA via acetaldehyde, either directly via bifunctional aldehyde/alcohol dehydrogenases or via acetate using phosphotransacetylase and acetate kinase and an aldehyde:ferredoxin oxidoreductase ( Figure 2 ). Several additional alcohol dehydrogenases are present in the genome of C. autoethanogenum.
Heterotrophic growth on a range of other products such as a range of C5 and C6 sugars has been described for C. autoethanogenum [27] . A PTS system and other respective genes could be identified in the genome (Figure 2) . In contrast to C. ljungdahlii, some extra genes involved in mannose metabolism are present in C. autoethanogenum as well as genes for aromatic compound degradation. C. autoethanogenum also has an additional predicted nitrate reductase (CAETHG_0085) and both organisms differ in some of their transport systems.
Other differences between C. autoethanogenum and C. ljungdahlii include variations in the sporulation program, with several unique predicted sporulation proteins and regulators present in C. autoethanogenum strain DSM 10061, and different defense systems, such as restriction/ methylation systems and a CRISPR system that is present in C. autoethanogenum but not in C. ljungdahlii. Insertion sequence (IS) elements, are usually unique to a strain, and one is found in C. autoethanogenum between 4,345,780 and 4,347,448 bp that is 100% identical to one in C. ljungdahlii. C. autoethanogenum DSM 10061 was enriched from rabbit feces in Belgium [27] and C. ljungdahlii DSM 13528 was isolated in the US from chicken yard waste [47] . Despite the geographical separation of the isolates, the overall degree of similarity between C. ljungdahlii and C. autoethanogenum suggests a common ancestor.
C. autoethanogenum CRISPR system
CRISPR are prokaryotic DNA loci that carry the memory of past bacterial infections of phages and plasmids to provide immunity against mobile genetic elements [53, 54] . In the last decade, several studies have unraveled CRISPR defense molecular details and mechanisms of action [53, 55, 56] . Briefly, CRISPR loci are composed of arrays of 24 to 47 bp partially palindromic, highly conserved repeats separated by variable spacers specific to the infecting DNA. CRISPR-associated (cas) genes are involved in spacer acquisition, expression and interference to phage or plasmid. cas gene operons are classified into three types and several subtypes, and can target either DNA or RNA, or both [53] . CRISPR and cas gene operons are proposed to be transferred between distinctly related strains by horizontal gene transfer and/or by transposons [57] , and the latter can be identified by the presence of insertion elements and transposase/mutase in its vicinity. Thus, CRISPR appear to be dynamic heritable defense systems (See figure on previous page.) Figure 2 Inferred metabolism of C. autoethanogenum. Capital letters in brown denote enzymes. ATP, adenosine triphosphate, ADP, adenosine diphosphate; BDO, 2,3-butanediol; CO, carbon monoxide; CO2, carbon dioxide; FAD, flavin adenine dinucleotide; FADH2 FD_red, ferredoxin (reduced); FD_ox, ferredoxin (oxidized); G3P, 3-phosphoglycerate; GP, glycerone-phosphate; H3PO4, phosphate; NAD, nicotinamide adenine dinucleotide (oxidized); NADH, nicotinamide adenine dinucleotide (reduced); NADP, nicotinamide adenine dinucleotide phosphate (oxidized); NADPH, nicotinamide adenine dinucleotide phosphate (reduced); TCA, tricarboxcylic acid cycle. Note that reaction directionality has not been rigorously determined; in general, directionality is as reported in KEGG reactions. Acetyl-CoA (Wood-Ljungdahl) pathway -Reductive branch. W1 Bifunctional CO dehydrogenase/ Acetyl-CoA synthase (CODH/ACS) CAETHG_1620-21, 1608-11, W2 Seleno formate dehydrogenase (Fdh) CAETHG_0084, 2789, W3 Non-seleno formate dehydrogenase (Fdh) CAETHG_2988, W 4 Formyl-THF ligase (Fhs) CAETHG_1618, W 5 in bacteria against plasmids and phages that are ever fastevolving and play important roles in the co-evolution of both bacteria and phages.
The genome of C. autoethanogenum is found to contain eight cas genes of Type-I B, all predicted to be in one operon on the antisense strand with a predicted transcription terminator at the end of the cas2 gene, and it is flanked by three CRISPR arrays ( Table 4 , Additional files 9 and 10) with a total of 93 30-bp-repeats (consensus 5′-GTTGAACCTCAACATGAGATGTATTTAAAT-3′) and 90 spacers of 35 to 38 bp. All three CRISPR arrays are preceded by a 177-bp-leader sequence, which is essential for array transcription and a fragment of the leader sequence is co-transcribed with the array [58, 59] . The three putative C. autoethanogenum CRISPR arrays leader sequences share 82 to 91% sequence similarity between them (Additional file 9). Interestingly, 10 kb downstream of the three CRISPR arrays, an incomplete leader sequence of 65 bp was found that has high sequence identity to the other leaders in close proximity (100 bp) to an imperfect CRISPR repeat (5′-GTTGAACCTtAACATGA-GATGTAaaggtAa-3′). In addition to the three CRISPR arrays flanking the cas genes, a putative extra CRISPR array was identified in the genome, consisting of three 55-bp-repeats and two 16-bp-spacer (Additional file 10).
Expression of cas genes and CRISPR arrays along with their leader sequence were studied by Reverse Transcriptase PCR (RT-PCR) and RNA-Seq during logarithmic growth under autotrophic conditions. PCR amplification of fragments of expected sizes were observed only with cDNA template and not with RNA, showing the absence of genomic DNA contamination in RNA preparations (Additional file 9). All eight predicted cas genes appear to be co-expressed and from a single operon. Expression of spacers distal to the leader sequences in all three arrays was also assessed. Based on sequence similarity between the three leader sequences, a common reverse primer was designed to align to the conserved region in the leader sequences of all three arrays and forward primers aligning specifically to spacers proximal to the leader sequence in each array (Additional file 9). Both the leader proximal and distal spacers of array 2 were found to be expressed, whereas expression was detected only for spacers proximal to the leader sequence in array 3 and no expression was detected from array 1 or the identified extra leader. Preliminary RNA-Seq data showed expression of all CRISPR RNAs (crRNAs), with different abundances. A few transcripts corresponding to the leader region of the three CRISPR arrays were also detected. Similar to the cas gene operon, the three CRISPR arrays including their leader regions were transcribed from the antisense strand. The three CRISPR arrays were found to be constitutively transcribed and processed into crRNAs of varying lengths (Additional file 8). However, the processed crRNAs appeared to have a well-defined eightnucleotide 5′ handle, 5′-ATTTAAAT-3′, originating from the repeat region followed by the spacer sequence (Additional file 8). The 3′ end of these processed crRNAs had varying tags (Additional file 8). Based on these findings, a scheme for CRISPR processing in C. autoethanogenum is proposed (Additional file 8). Similar processing of crRNA was observed across the three samples collected at different time points. CRISPR spacer sequences in C. autoethanogenum were analyzed to identify potential target DNA sequence. A BLAST search did not result in high identity hits within the National Center for Biotechnology Information (NCBI) database or against its own genome. A comparison of regions of DNA from putative C. autoethanogenum processing crRNAs from all three arrays identified the sequence 5′-ATTTAAAT-3′ (Additional file 9), which is similar to sequences from Clostridium thermocellum [69] , Methanococcus maripaludis [69] , Escherichia coli [70] and Pyrococcus furiosus [71] , which also have type-IB CRISPR systems. In these organisms the processing of crRNA is mediated by the cas6 gene, which is also found in C. autoethanogenum. Unlike in C. thermocellum [69] , M. maripaludis [69] , Sulfolobus acidocaldarius [72] and P. furiosus [73] , C. autoethanogenum crRNAs were transcribed only from the antisense strand and no anti-crRNA transcripts originating from the complementary strand were detected.
Identification and classification of CRISPR systems in industrial relevant clostridia
The presence of a CRISPR system in C. autoethanogenum compared to C. ljungdahlii could provide an advantage in industrial fermentations. The C. autoethanogenum CRISPR system was compared to those from other industrial relevant Clostridia strains to better understand their characteristics and their potential physiological and applied roles. In particular, the Clostridial ABE fermentation process has a history of phage infections [74] . CRISPR systems from 14 Clostridium species were examined for the first time including those used in ABE fermentation processes: C. acetobutylicum, C. beijerinckii, C. saccharobutylicum and C. saccharoperbutylicum, cellulose degrading C. thermocellum, C. cellulolyticum, C. cellulovorans, and C. phytofermentans, and the acetogens C. autoethanogenum, C. ljungdahlii and C. carboxidivorans. CRISPR elements were identified only in 8 of the 14 Clostridium species analyzed by PILER [75] and CRISPRdb [76] . All of the loci were found on chromosomes and none on any plasmids or megaplasmids (Table 4 ). From the ABE fermentation-Clostridia examined, only C. saccharobutylicum DSM13864 has a CRISPR system, but not several strains of the more commonly used C. acetobutylicum, C. beijerinckii and C. saccharobutylicum. This may be one of the reasons why the ABE fermentation process was historically found to be prone to phage infections [74] . From the three acetogenic strains investigated only C. autoethanogenum had a CRISPR system, whereas all analyzed cellulolytic Clostridia, but C. phytofermentans contain CRISPR systems.
In all Clostridium species that harbor CRISPR arrays, cas genes were identified. C. cellulolyticum and C. thermocellum had two and four different cas operons, respectively (Additional files 10 and 11). These cas operons were classified based on a recently proposed classification system [53] and their target molecule(s) inferred. A phylogenetic analysis of cas1 genes was performed and compared to the 16S rRNA phylogeny (Additional file 12). In C. cellulolyticum, arrays 1 and 2 are associated with the Type I-C cas system and Adb with the Type II cas system. The two arrays are separated by a transposase and mutase genes (Additional file 11). C. cellulolyticum has two different sets of cas genes, both of which appear to target DNA. The C. cellulovorans cas operon could not be classified according by these criteria, nor could the target of its cas genes be inferred. C. thermocellum appears to have a Type III cas genes system (Additional file 11). The Type III cas system contains more than one type of cas gene operon belonging to either Type I or II or the repeat-associated mysterious proteins (RAMP) module operon and are predicted to target both DNA and RNA [53] . The arrays 3 and 4 in C. thermocellum are associated with the Type I-B cas system [69] and arrays 5 and 6 to a cas system similar to Type I-B but interrupted by insertion of multiple other genes that separate cas1, cas2, cas4 genes (possibly involved in spacer acquisition) from cas3, 5, 7 and 8b (predicted to be involved in DNA interference) (Additional file 11). The array 1 is not associated with any cas gene cassette and is flanked by a integrase and mutase genes at the 3′ end. Apart from these two cas systems, C. thermocellum also has a RAMP module gene cassette that may be involved in RNA interference. This cassette is not associated with any array and could be acting in trans. As in a few lactic acid bacteria [57] , integrase and mutase genes were frequently found near the cas gene cassette, particularly flanking the Type 1 cas gene cassette found in C. cellulovorans, C. thermocellum and C. autoethanogenum, suggesting possible horizontal gene transfer. These genes were also found next to array-1 in C. thermocellum.
The C. autoethanogenum CRISPR repeat DNA was not found in any of the other Clostridium species included in this study. A search for organisms with repeats similar to C. autoethanogenum in the CRISPRdb database [75] resulted in Clostridium novyi, Eubacterium limosum, along with a few Clostridium botulinum substrains. A comparison of the repeat sequences showed very high sequence similarity (Additional file 12). The cas genes operon in C. autoethanogenum, C. novyi and E. limosum were all of Type-I B, whereas the C. botulinum substrains had different sets of cas genes. The cas gene operon architecture, the arrangement of arrays on the chromosome and the presence of two hypothetical genes separating arrays 2 and 3 in C. autoethanogenum and C. novyi are strikingly alike, suggesting a common lineage of these two CRISPR-cas systems. This observation was further strengthened by the phylogenetic classification placing C. autoethanogenum cas1 gene together with cas1 genes from C. novyi and E. limosum and apart from the other Clostridium species (Additional file 12). Even though the repeat and the cas genes operon in C. autoethanogenum, C. novyi and E. limosum are largely identical, no similarity was found between the spacers.
Comparison of strains with/without the CRISPR system to plasmid and prophage content
Correlation between the presence of CRISPR and the occurrence of prophages or plasmids has been reported [77] .
To assess the 14 Clostridium species for this correlation their genome sequences were analyzed for presence of potential prophage regions. In C. autoethanogenum, four putative prophages were identified, an incomplete prophage similar to a Singapore grouper iridovirus, an intact prophage similar to a Geobacillus E2 virus and two intact prophages inserted into tRNAs (Additional file 10). One prophage was identified a Trp-tRNA and the other in an Arg-tRNA. The latter is in almost identical form also present in C. ljungdahlii, suggesting a shared lineage. Prophage regions were detected in all species irrespective of the presence of CRISPR modules (Table 4 and Additional file 10). Although there seems to be no general trend and it cannot be determined whether a prophage infection occurred before or after a CRISPR system was acquired, in a few cases bacteria that lacked CRISPR systems appeared to have more abundant prophage sequences.
When looking for plasmid content, only one out of seven strains containing CRISPR systems was found to contain a plasmid. Likewise, only one out of five plasmidcarrying strains contained a CRISPR system. CRISPRmediated immunity has been shown experimentally to block conjugative plasmid acquisition [78] , although the role of CRISPR in driving plasmid and phage evolution for industrially relevant Clostridia and other microorganisms remains to be fully elucidated.
Conclusions
A comparative genomic analysis revealed short-read technologies were unable to overcome C. autoethanogenum DSM 10061 repeat regions largely associated with nine copies of the rRNA gene operons. A previous study suggested that long single-molecule reads are sufficient to assemble most known microbial genomes based on a bioinformatics analysis of 2,267 complete genomes for bacteria and archaea and sequencing results for six bacteria [14] . The genome sequence of C. autoethanogenum DSM 10061 is classified as within the most complex class of bacterial genomes and a complete genome sequence was generated for it using long single-molecule reads and without the need for manual finishing. The relatively low cost to generate the PacBio data (approximately US $1,500) and the outcome of this study support the assertion this technology will be valuable in future studies where a complete genome sequence is important and for complex genomes that contain large repeat elements.
Clostridia are known for their substrate and metabolic flexibility, which makes them attractive biocatalysts for biofuel and biorefinery applications [79] . Acetogenic Clostridia, such as C. autoethanogenum, are of interest due to their ability to ferment abundant syngas or waste gases to useful products [29] . The C. autoethanogenum genome sequence will facilitate strain development for biofuels and biochemicals production and comparative genomics in the future. A comparison between C. autoethanogenum and C. ljungdahlii identified distinct differences, notably the presence of a CRISPR system, an additional C. autoethanogenum hydrogenase, and several differences in central metabolism, although the two bacteria likely descend from a common ancestor. Comparative genomic analysis and characterization of CRISPR, plasmid content and prophage among Clostridia with biotechnological interest was performed. Notably, the classic ABE fermentation strains C. acetobutylicum and C. beijeinckii are reported to be prone to bacteriophage infections [63] and all lack a CRISPR system and only one of the analyzed 14 strains contain both a plasmid and a CRISPR system. From the acetogenic Clostridium strains sequenced to date, only C. autoethanogenum possesses a CRISPR system. Further consideration of Clostridia CRISPR systems may be informative for bioprocess development strategies and for ecological studies.
Methods

DNA sequence data generation
C. autoethanogenum strain JA1-1 was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) culture collection (DSM 10061). C. autoethanogenum strain JA1-1 was cultured in PETC medium as described [28] . Single colony was purified and 16S rDNA sequence confirmed before genomic DNA was prepared. High molecular weight genomic DNA was prepared as described earlier [28] , quantified with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and quality was assessed with Agilent Bioanalyzer (Agilent, Santa Clara, CA, USA).
Pyrosequencing was conducted using the Roche 454 GS FLX System (Roche 454 Life Sciences, Branford, CT, USA) with the method of paired-end DNA library preparation and average insert sizes in the 3-kb range and Titanium chemistry, according to the manufacturer's instructions as described previously [38, 80] . Sequence data were also generated using a MiSeq instrument (Illumina, San Diego, CA, USA) [16] and a paired-end approach with an approximate insert library size of 500 bp and read lengths of 151 bp, as described previously [81] and according to the manufacturer's instructions. DNA for PacBio sequencing was sheared with G-tubes (Covaris, Inc., Woburn, MA, USA), targeting 20-kb fragments. PacBio libraries were prepared with the DNA Template Prep Kit 2.0 (Pacific Biosciences, Menlo Park, CA, USA) and library fragments above 4 kb were isolated using the Blue Pippin system (Sage Science, Inc., Beverly, MA, USA). The average PacBio library insert size (including adapters) was approximately 19 kb and samples were sequenced using Magbead loading, C2 chemistry, Polymerase version P4, and software version 2.02. Raw nextgeneration sequence data available through the NCBI SRA database [SRX352885; SRX352888; SRP030033]. PCR and Sanger sequencing were conducted using standard approaches as described previously [82] and primer sequences are described (Additional file 1).
Sequence data trimming, filtering, annotation and assembly
The CLC Genomics Workbench (version 6.0.2) (CLC bio, Cambridge, MA, USA) was used to trim and filter Illumina reads for quality sequence data and the subsequent Illumina assembly. The Newbler application (version 2.8) in the 454 GS FLX software package (Roche 454 Life Sciences) was used to assemble reads generated from the GS FLX instrument and in combination with reads from the Illumina instrument, as described previously [38] . The consensus Illumina sequences were processed before inputting into the Newbler assembler by generating 1.5-kb overlapping fake reads using the fb_dice.pl script, which is part of the FragBlast module (http://www.clarkfrancis. com/codes/fb_dice.pl). The PacBio reads were assembled through SMRTanalysis v 2.0 (Pacific Biosciences) using the HGAP protocol [20] . The DSM 10061 PacBio assembly was annotated using the Prodigal gene-calling algorithm [43] and deposited in the NCBI database [GenBank: CP006763].
Assessment of genome assembly quality
The in silico evaluation of genome assemblies was performed using CGAL (version 0.9.6) [13] , REAPR (version 1.0.16) [11] , QUAST (version 2.2) [12] and Circos [83] . The genomic repeats were identified using Nucmer [84] ; genome complexity was determined based on count and length of the repeats as suggested earlier [14] . Gaps in the 454/Illumina hybrid and published draft assemblies were determined by performing multiple genome alignment through Mauve (version 2.3.1) [85] with PacBio assembly used as reference genome. The order of contigs in 454/ Illumina hybrid assembly and alignment of Sanger sequences was determined using Genious software (version 6.1.5) (Biomatters, Auckland, New Zealand).
Analysis, classification and comparison of CRISPR, plasmid, and prophage content in C. autoethanogenum and other fuel-producing Clostridia
The genome of C. autoethanogenum (NC_022592) and genome sequences of C. acetobutylicum ATCC824 (NC_ 003030), DSM1731 (NC_015687) and EA2018 (NC_017 295), C. beijerinckii NCIMB8052 (NC_009617), C. saccharobutylicum (NC_022571), C. saccharoperbutylacetonicum (NC_020291), C. cellulolyticum H10 (NC_011898), C. cellulovorans 743B (NC_014393), C. thermocellum ATCC27405 (NC_009012) and DSM1313 (NC_017304), C. phytofermentans Isdg (NC_010001), C. ljungdahlii DSM13528 (NC_ 014328) and C. carboxidivorans (ACVI01000000; ADEK 01000000) were retrieved from NCBI Genbank. The genome sequences of all these organisms were analyzed for CRISPR repeats using the PILER algorithm [75] and CRISPRdb [76] . The sequence of plasmids found in C. acetobutylicum ATCC824 (NC_001988), DSM1731 (NC_015 686 and NC_015688) and EA2018 (CP002119), C. saccharoperbutylacetonicum (NC_020292), and C. carboxidivorans (NC_014565) were also analyzed for the presence of CRISPR loci. The repeat sequences detected by PILER and CRISPRdb were combined and manually compared at sequence level. Degenerated CRISPR repeats with several mismatches were not taken into account. The genome sequences of these species were also analyzed for prophage regions using PHAST [86] , Phage_Finder [87] and the outputs program manually analyzed. Multiple sequence alignment of repeats and their sequence logos were generated using CLUSTALW and Weblogo. Phylogenetic analyses based on 16S rRNA and cas1 genes were made using Geneious software. The phylogenetic tree was constructed using the neighbor-joining method with 100 bootstrap steps.
RT-PCR
RT-PCR was performed to study the expression and operon structure of cas genes and the expression CRISPR arrays. Briefly, RNA was isolated (RNeasy Mini Kit, Qiagen, Valencia, CA, USA) from 20 mL C. autoethanogenum culture growing in serum bottles at an optical density (OD) 600 of 0.2 in PETC media and steel mill waste gas (composition: 42% CO, 36% N 2 , 20% CO 2 , and 2% H 2 ; collected from a New Zealand Steel site in Glenbrook, New Zealand) as the sole energy and carbon source. cDNA was synthesized using 500 ng of DNaseI (Ambion Inc., Austin, TX, USA)-treated RNA, Superscript III reverse transcriptase and random primers (Life Technologies, Grand Island, NY, USA). PCR was set with 30 ng cDNA-and DNaseItreated RNA (control) as templates and iproof DNA polymerase (Biorad, Hercules, CA, USA). The primers used in this study are listed (Additional file 9).
RNA-Seq
RNA-Seq was performed from C. autoethanogenum growing in continuous culture in a 1.5-L continuous-stirred tank reactor (CSTR) with steel mill waste gas (composition: 42% CO, 36% N 2 , 20% CO 2 , and 2% H 2 ; collected from a New Zealand Steel site in Glenbrook, New Zealand) as the sole energy and carbon source as described previously [52] . A 20-ml sample was centrifuged at 4,000 × rpm for 10 minutes at 4°C. The supernatant was discarded and the pellet was stabilized adding 5 ml of RNAlater® (Ambion Inc). Total RNA was isolated from the cell pellet using RiboPureTM-Bacteria Kit (Ambion Inc.) according to the manufacturer's standard protocol. DNA was removed using the TURBO DNA-free kit (Ambion Inc.) and RNA quality was assessed using a 2100 bioanalyzer (Agilent Technologies). RNA concentration was determined with a nanodrop 2000 (Thermo Fischer Scientific, Waltham, MA, USA). Ribodepletion was conducted using MICROBEEx-pressTM kit (Ambion Inc.). cDNA libraries were prepared and sequenced by standard procedures using SOLiD2 sequencing technology. Output from the SOLID run was processed in LifeScope v2.5.1., as specified by the manufacturer (http://downloads.lifetechnologies.com/Analysis_Software/GS/LifeScope/v2.5.1/LifeScope-v2.5.1_4476538_AUG. pdf). Processed reads were mapped to a reference assembly, and the resulting BAM files were imported, displayed, and manually inspected in the Geneious genome browser, v7.0.3 (Biomatters).
